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Co-Translational Protein Folding on the Ribosome: Using NMR Spectro-
scopy to Provide Structure and Dynamics of Ribosome-Nascent Chains.
John Christodoulou.
University College London, London, United Kingtom.
The folding processes of nascent chains are intricately linked to their chain elon-
gation, which occurs in a vectorial manner as the N-terminal part of the nascent
chain emerges from the ribosome [1]. The use ofNMRspectroscopyon ribosome
nascent-chain complexes (RNCs) is providing detailed structural insights of
the conformations of protein chainswhile they are being created on the ribosome.
By producing in-vivo derived RNCs in which the nascent polypeptide is
selectively-labeled, our recent work has allowed us to use NMR to follow, at
a residue-specific level, the co-translational folding processes of proteins of sev-
eral topologies, specifically, an immunoglobulin(Ig) domain, of YFP (both by
fluorescence and NMR) and of the intrinsically disordered protein, alpha-
synuclein.
New work is allowing us to describe the types of intermediates sampled during
the vectorial emergence, the RNC interactions with the ribosome and also how
the chaperone, the trigger factor, that interacts with the nascent chain, affect
protein folding. Recent strides towards a detailed understanding of the relation-
ship between biosynthesis and folding will be discussed.
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3. New scenarios of protein folding can occur on the ribosome: O’Brien,
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Real Time Tracking of tRNA Movements Inside Single Ribosomes.
Ming Xiao, Yuhong Wang.
University of Houston, Houston, TX, USA.
Protein biosynthesis kinetics is important to understand synonymous codon
bias and co-translational protein folding. However, real time tracking of the
tRNA movement inside the ribosome in full range has not been observed.
We have developed an in vitro single molecule FRET system to tackle this
problem. In our approach, the ribosome peptidyl center and the tRNAs are la-
beled with the FRET-paired dyes (1, 2). Because of the central position of the
peptidyl center, we can track the tRNA trajectory inside the ribosome from the
initial A/T site to the exit E-site.
We have studied the initial tRNA binding, selection and peptidyl transfer re-
action in real time with cognate, near cognate tRNAs, in the presence of an-
tibiotics, and with GTP analogues. Several different tRNA substrates at
different elongation stages are studied with several different FRET labeling
strategies. We have identified two A/T states for tRNA selection and de-
duced the kinetic parameters for these processes. In the presence of Kirromy-
cin or non-hydrolysable GTP analog, only one A/T state is observed. At this
state, the near cognate tRNA is rejected at 17 s-1 while the cognate tRNA
progresses into the A/A binding site. The peptidyl transfer reaction happens
faster than 25 s-1 to form the fluctuating pre-translocation complex. Our
study provides single molecule kinetic measurements for the tRNA selection
mechanism and paves the way to observe single copy protein synthesis in
real time.
1. Ly, C. T., Altuntop, M. E., and Wang, Y. (2010) Single-Molecule Study of
Viomycin’s Inhibition Mechanism on Ribosome Translocation, Biochemistry
49, 9732-9738.
2. Altuntop, M. E., Ly, C. T., and Wang, Y. (2010) Single-molecule study of
ribosome hierarchic dynamics at the peptidyl transferase center, Biophys J
99, 3002-3009.
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Dynamic, Energetic, and Kinetic Determinants of Ribosomal Transloca-
tion: Microsecond All-Atom Simulations of Hybrid Cryoem/X-Ray Struc-
tural Substates
Lars V. Bock1, Christian Blau1, Gunnar F. Schro¨der2, Niels Fischer1,
Holger Stark1, Andrea C. Vaiana1, Helmut Grubmu¨ller1.
1MPI for biophysical chemistry, Goettingen, Germany,
2Forschungszentrum Juelich, Juelich, Germany.
Translocation of tRNAs through the ribosome is accompanied by large-scale
highly concerted conformational motions. We obtained 23 near-atomic resolu-tion structures of translocation conformational substates by combining cryo-
EM densities (Fischer, Nature, 2010) with high-resolution X-ray structures.
For 13 structures, we carried out extensive molecular dynamics simulations
of the fully solvated 70S ribosome, totaling 1.5ms. The obtained structural en-
semble, together with the 23 static structures, offers a most complete all-atom
picture of ribosomal translocation dynamics. The simulations captured suffi-
cient conformational dynamics to estimate free energy barriers between states,
suggesting a hierarchy of timescales for motions of the L1-stalk, tRNAs, and
intersubunit rotations. Interaction energies derived from the simulations al-
lowed us to characterize molecular driving forces; e.g., the L1-stalk actively
pulls the tRNA from the P- to the E-site, rather than being pushed or passively
co-translocated. Addressing the question of how the affinity between the two
ribosomal subunits is fine-tuned despite rotations of more than 20 degrees, in-
tersubunit contacts were found to fall into two classes: i) contacts which persist
throughout the different states, independent of intersubunit rotations. ii) con-
tacts that are specific to certain states. Persisting contacts are seen close to
the axis of rotation and contribute to the baseline of intersubunit interaction en-
ergy. In contrast, contacts of residues situated on the periphery are found to be
mostly state-specific. The rupture and formation of state-specific contacts en-
tails low changes of the overall interaction energy, allowing the subunits to re-
main assembled. Key contacts in the periphery predict and explain the
decreased amplitude of the intersubunit rotations seen by cryo-EM in the ab-
sence of tRNAs. These results suggest further mutations that should stabilize
or destabilize specific intermediate states of ribosomal translocation.
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Transfer RNAs Store Conformational Free Energy in the Ribosome
Lars V. Bock1, Christian Blau1, Gunnar F. Schro¨der2, Niels Fischer1,
Holger Stark1, Andrea C. Vaiana1, Helmut Grubmu¨ller1.
1Max Planck Institute for Biophysical Chemistry, Go¨ttingen, Germany,
2Forschungszentrum Juelich, Juelich, Germany.
In the process of ribosomal translocation, two tRNAs must move through the
ribosome, adopting a number of different conformations. To obtain atomistic
descriptions of this highly dynamic process, we fitted high-resolution X-ray
structures to a set of 23 cryo-EM density maps of the ribosome [1]. From a sub-
set of these we started all-atom molecular dynamics simulations of the solvated
70S ribosome as well as of the two tRNAs in solvent. The simulations provided
estimates of the conformational free energy needed to bring the tRNAs from
solvent into the ribosome at different stages of the translocation pathway.
Our results suggest that the tRNAs store conformational free energy during
translocation, which is used to drive translocation of tRNAs and released
upon exiting the ribosome. Additionally, as the tRNAs translocate, they form
a complex interaction network with a number of ribosomal proteins and
rRNA helices. Our simulations also enabled us to estimate contact energies
for these interactions, which offer a detailed picture of tRNA handovers, e.g.
by the ribosomal proteins L16 and L5 and the L1-stalk. Two of our structures
(pre1 and pre4 states) agree with the subsequently determined X-ray structures
[2] to within 5A supporting the validity of our approach.
[1] Fisher et al, Nature 2010.
[2] Dunkle et al, Science 2011.
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Translation by Single Ribosomes Through mRNA Secondary Structures
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Barry S. Cooperman2, Yale E. Goldman1.
1Pennsylvania Muscle Institute, Perelman School of Medicine, University of
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During protein synthesis, the ribosome moves along a single mRNA strand and
translates the genetic code into polypeptide sequences. Strong mRNA second-
ary structures, which have to be unfolded in order to be translated, can slow or
even halt protein synthesis. Pseudo-knots (PKs), mRNA secondary structures
containing at least two stem-loops, are essential elements in programmed ribo-
somal frameshifting, for instance, during translation of some viral mRNAs.
Here we employ single molecule fluorescence resonance energy transfer
(smFRET) to determine reaction rates for specific polypeptide elongation cy-
cles as the ribosome encounters a minimal viral PK structure during mRNA
translation. An elongation cycle may be divided into three steps: 1)
aminoacyl-tRNA binding to the A-site, 2) translocation of the bound mRNA
and tRNAs from the A- and P- sites to the P- and E-sites, and 3) dissociation
of deacylated tRNA from the E-site. We use FRET interactions between i) ad-
jacent ribosome-bound tRNAs, ii) aminoacyl-tRNA and ribosomal protein L11
